Background: Additional instruments have become available since instruments for DNA melting analysis of PCR products for genotyping and mutation scanning were compared. We assessed the performance of these new instruments for genotyping and scanning for mutations. 
Results:
The ability of most instruments to accurately genotype single-base changes by amplicon melting was limited by spatial temperature variation across the plate (SD of T m ‫؍‬ 0.020 to 0.264°C). Other variables such as data density, signal-to-noise ratio, and melting rate also affected heterozygote scanning. Conclusions: Different instruments vary widely in their ability to genotype homozygous variants and scan for heterozygotes by whole amplicon melting analysis. Instruments specifically designed for high-resolution melting, however, displayed the least variation, suggesting better genotyping accuracy and scanning sensitivity and specificity.
© 2007 American Association for Clinical Chemistry
Melting curve analysis has grown in sophistication from genotyping single-base variants with fluorescence resonance energy transfer probes (1 ) to inferring and differentiating sequence homologies through high-resolution amplicon melting with DNA binding dyes (2) (3) (4) . These advanced techniques are already being adapted to existing real-time PCR instruments. In our prior studies (5, 6 ) , we evaluated the melting capabilities of 9 melting instruments found in our laboratory. These instruments varied in ability to detect homozygous mutants as well as to identify single-and double-heterozygous samples. The ability to differentiate complex melting species depends on the quality of the melting curve generated. Since our initial reports, 7 additional instruments have become available for genotyping and heterozygote scanning. Understanding the melting capabilities of these instruments should guide the appropriate use of different techniques.
As Technology) were used to determine temperature homogeneity [expressed as the melting temperature (T m ) SD], melting curve superimposability (expressed as the temperatureshifted T m SD), signal-to-noise ratio, data density, and, for the heat block instruments, dynamic thermal profiles. Because of spectral incompatibilities with LCGreen Plus, SYBR Green I (Invitrogen) was used with the Stratagene's Mx3005p.
Heterozygote scanning was also evaluated by melting each of the 4 genotypes in triplicate. For heat block instruments, the amplicons were placed in identical positions randomly dispersed across the plate, with an equal volume of water filling the intervening spaces. The resulting melting curves were temperature-shifted for resolving single-and double-heterozygous samples.
The normalized melting curves are shown in Fig. 1A . The apparent temperature variation within a genotype was highly dependent on the instrument used. After temperature shifting, the T m variation within a genotype was usually decreased (Fig. 1B) , particularly in the case of the 7300 and LC480 instruments, for which temperature shifting enabled heterozygote differentiation. The displacement of the double heterozygote was so great that it was distinguishable in all cases, but accurate detection of the single heterozygote was not achieved with all instruments. Table 1 shows instrument variables and measured T m SDs compiled from this and prior studies (5, 6 ) . The T m SDs directly affect the ability to separate different homozygous melting curves. The main contributing variable appears to be temperature homogeneity. As seen previously, air-based instruments and instruments with individual sample temperature control have lower T m SDs (0.018 -0.065) than their heat-block counterparts (0.092-0.274). Block systems with thermal electric heaters had lower T m SDs (0.092-0.102) then Peltier-based systems (0.117-0.274). The dynamic melting profile for the 96-well and 384-well heat blocks are shown in Fig. 1C . Thermal edge effects and the Peltier configuration can be inferred from the thermal maps of the heat block instruments.
Genotyping single-base variants with fluorescent probes usually results in T m differences for the matched and mismatched species of 4 -10°C. All the instruments studied are capable of genotyping at this level of resolution. When genotyping is performed by amplicon melting, however, T m differences are much smaller. The mean T m difference of homozygotes of class 1 and class 2 single-nucleotide polymorphisms (SNPs) was 1°C, and almost all have a T m difference Ͼ0.5°C (7 ) . In 8 of the instruments, estimated error rates were Ͻ1% at this degree of resolution (SD Ͻ0.109) (5 ) . When the melting difference was decreased to Ͼ0.25°C, as in typical class 3 and class 4 SNPs, only 5 of the instruments evaluated had an estimated error rate of Ͻ1% (SD Ͼ0.054).
Different homozygotes each produce only a single homoduplex species. Therefore, genotyping by T m (determined as the temperature at 50% of the normalized fluorescence) is straightforward and has an accuracy directly correlated to temperature homogeneity. The T m variation of block-based systems is greater than that for air-based or individual sample systems. This variation is attributable to difficulties in uniformly heating large metal blocks and assigning a single temperature to represent the entire block. The thermal control of multiple samples is improved with air-based systems, for which rapid mixing forces temperature homogeneity. Alternatively, single-sample systems also fared well, because spatial temperature homogeneity is not a concern, allowing better temperature control and measurement.
Detection of heterozygous samples by amplicon melting is more complex than homozygote differentiation. Heterozygotes differ primarily in melting curve shape rather than absolute T m . These differences are often visualized after temperature shifting to superimpose the curves, allowing easy visualization and grouping by melting curve shape. For any heterozygous sample, the resulting melting curve is a combination of 2 homoduplexes and 2 heteroduplexes that form as the samples are cooled. Mismatched duplexes melt at lower temperatures than homoduplexes. About half of the instruments surveyed performed heterozygote scanning well. Multiple variables affect the quality of DNA melting curves, including data density, signal-to-noise ratio, and melting rate. For example, increasing the data density beyond 10 points/°C allows for more melting information to be displayed and potentially the resolution of more duplex species. In addition, the 3 melting domains of the double heterozygotes were easier to resolve in melting curves with higher signal-to-noise ratios and good superimposability (low temperatureshifted T m SD). Improved resolution also becomes important in recognizing unknown variants that occur within the amplicon studied (8 ) . Prior reports suggest that better heteroduplex detection is obtained at faster melting rates and higher signal-to-noise ratios (9 ) . Although a general correlation with these factors was observed, the significance of each factor and their interactions will require further study.
Limitations of the current study include the assumption that each instrument and its performance are typical. For a few instruments additional runs were performed and did not significantly differ from those reported (data Clinical not shown). Another concern is that the number of samples studied was influenced by the sample capacity of each instrument (96 or 384 for plates and 72 or 32 for rotors). These within-run variations were compared to 32 interrun variances on single sample instruments. Melting curve analysis with saturating DNA dyes is a simple method for genotyping and scanning (7 ) . Homozygous samples can often be genotyped by an absolute change in T m (10 ) , while heterozygous samples can be identified through changes in the shape of the melting curve (11, 12 ) . Recently, internal temperature controls have been used to correct for T m variation seen in lowresolution instruments (13) (14) (15) . These controls provide a reference to correctly genotype homozygous alleles regardless of the temperature homogeneity of the system. The detection of subtle sequence changes for variant scanning will continue to rely on the resolution of melting instruments.
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